Figures
: Uncertainty associated with the calculation of superhelical density comparing each curve in panel a with that of the unmodified reference curve. Δσ represents the uncertainty in σ associated with a given uncertainty in the DNA extension at 70 N. In our set-up, we estimate an uncertainty (i.e. effective offset) in the DNA extension at 70 pN of between 0.4 and 0.6 μm, which corresponds to an uncertainty in the measured superhelical density of between 0.02 and 0.045 (SI Note 1).
4/19
Figure S2: Comparison of force-distance (FD) behaviours observed for end-capped DNA containing multiple biotin moieties. In each case, the molecule begins in a torsionally constrained non-supercoiled state (σ = 0). A force-extension curve (blue) is recorded followed by a retraction curve (red). In this regard, six different behaviours are identified (Types 1-6). a. Type 1: supercoiled DNA (red) is observed only after initial extension to forces > 115 pN. The overstretching plateau associated with the initial FD curve (blue) is smooth. b. Type 2: the initial FD curve (blue) displays saw-tooth-like force ruptures at ~80-100 pN. After each jump in force, the DNA is increasingly supercoiled (red). c. Type 3: the initial FD curve (blue) displays a rugged force plateau at ~80 pN with many small force ruptures, which each give rise to increasing magnitudes of supercoiling (red). For both Type 2 and Type 3 behaviour, supercoiling is generated throughout the overstretching transition; the magnitude of σ formed in these cases correlates with the relative extension at which the force ruptures occur ( Fig. 2f ). d. Type 4: the DNA remains non-supercoiled (σ = 0), even when stretched to high forces (> 115 pN). Here the extension (blue) and retraction (red) curves are identical. e. Type 5:
the initial torsionally constrained molecule (σ = 0) converts to unconstrained DNA via permanent cleavage of a biotin-streptavidin tether. In this case, the molecule is still end-closed, and thus exhibits a smooth overstretching plateau at ~65 pN. 1,2,3 f. Type 6: the initial torsionally constrained molecule (σ = 0) converts to unconstrained DNA via the (accidental) creation of a nick in the DNA backbone.
The retraction curve (red) displays extensive hysteresis (at least under low salt conditions) due to strand-separation (peeling). 1, 2 All data were obtained in a buffer containing 20 mM Tris-HCl, pH 7.6 with 25 mM NaCl.
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Figure S3: Proposed model for how end-capped torsionally constrained DNA responds to high force. Each end-cap is labelled with two biotin moieties that are initially tethered to a bead via interactions with streptavidin. a. One biotin dissociates from its streptavidin binding partner, allowing the DNA molecule to unwind by swiveling around the sole remaining biotin-streptavidin tether (represented by the dashed arrow). The disrupted bond subsequently reforms after DNA unwinding, resulting in negatively supercoiled DNA. This pathway typically occurs at forces > 115 pN and gives rise to the behaviour defined as Type 1 in Fig. S2a . b. One of the biotin moieties is initially weakly bound to a streptavidin partner (represented here by a partial overlap between the biotin and streptavidin). This bond is continuously broken and reformed as the molecule is progressively overstretched (at forces > 80 pN), resulting in the stick-slip force-extension pattern characteristic of Type 2 and Type 3 behaviour (as defined in Fig. S2b ,c). In this case, each transient disruption of the tether results in the generation of supercoiling; the total amount of supercoiling here is proportional to the relative extension of the overstretched molecule ( Fig. 2f ). c. Both biotins on each end-cap of the DNA are stably bound to streptavidin, and do not dissociate, even under forces > 115 pN. The DNA is maintained in a non-supercoiled torsionally constrained state at all tensions (defined as Type 4 in Fig.   S2d ). d. One biotin dissociates from its streptavidin binding partner, allowing the DNA molecule to unwind by swiveling around the sole remaining biotin-streptavidin tether. Unlike in panels a and b, however, the broken tether never reforms; the end-closed DNA thus remains torsionally relaxed (defined as Type 5 behaviour in Fig. S2e ). Rather, these B-DNA regions will overstretch at much higher forces (~115 pN), as illustrated in the right-hand side of panel a. See SI Note 4 for more details. Data were obtained in a buffer containing 20 mM Tris-HCl, pH 7.6 with 25 mM NaCl. (ii) Tension is applied to the torsionally constrained DNA. The applied tension must be sufficient to induce overstretching. In torsionally constrained DNA, overstretching typically occurs at forces of ~115 pN. 5, 6 Due to the torsional constraint, the overall linking number remains unchanged. However, overstretching is permitted in this case because some domains of the DNA molecule underwind, while other domains overwind. 5, 6 For a fully overstretched torsionally constrained DNA molecule, ~4/5 of the molecule's length is underwound (~37.5 bp/turn) and ~1/5 is overwound (~2.5 bp/turn). 6 In this way, the DNA molecule can extend by up to ~70% without any change in overall linking number. (iii) Torsional constraint is transiently broken. In the absence of torsional constraint, overstretching of endclosed DNA is associated only with underwinding of the double-helix (~37.5 bp/turn). 6 Therefore, relative to DNA that is torsionally unconstrained, overstretching of torsionally constrained DNA induces a torsional stress in the molecule. This torsional stress can be, at least partly, released by breaking a sufficient number of biotin-streptavidin tethers, such that only one tether exists on at least one end of the DNA molecule (allowing the DNA to swivel around the single tether). (iv) Once the torsional stress has been released, there is a probability that the broken tether reforms. If this occurs, the DNA molecule is once again torsionally constrained; however, now it is constrained with a lower linking number than that which it started with. (v) The tension is released; the DNA molecule is preserved in a negatively supercoiled state (with an overall linking number that is lower than that of B-DNA), even at low forces.
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SI Notes
SI Note 1: Uncertainty in the measured superhelical density
The magnitude of superhelical density (σ) generated using ODS can be determined using the reference plot shown in Fig. 2b . As described in Methods, this plot shows the change in DNA extension at 70 pN as function of σ (in the range of 0 > σ > -0.7). The data in this reference plot (which are extracted from literature 6 ) can be described well using a second order polynomial (Fig. 2b,   grey In order to determine how the above uncertainties in DNA extension dictate the error in the measured value of σ, we compare the second order polynomial fit associated with our reference data (Fig. 2b) to the same fit now offset by increments of 0.1 μm (Fig. S1a) . Each offset represents an equivalent uncertainty in the DNA extension. The corresponding error in σ for a given DNA extension (due to each offset in the fit) is illustrated in Fig. S1b . As discussed above, we estimate a total uncertainty in the DNA extension at 70 pN of up to 0.6 μm. From Fig. S1b (blue line) , the corresponding uncertainty in σ (i.e. for an offset of 0.6 μm) is between 0.03 and 0.045 -depending on the DNA extension at 70 pN (which in turn depends on the intrinsic superhelical density).
13/19 SI Note 2: Force-distance behaviours of end-capped DNA
The end-capped DNA construct used throughout this work can give rise to a number of different force-distance behaviours. Under the conditions employed in our experiments, we identified six principle types of behaviour, as detailed below (and illustrated in Fig. S2 ).
Type 1:
Torsionally constrained DNA (σ = 0) is converted to a supercoiled state following extension to high forces (> 115 pN). This is characterized by a smooth initial overstretching transition of the torsionally constrained molecule (e.g. Fig. S2a) , and constitutes ~25% of cases.
Type 2:
Torsionally constrained molecules (σ = 0) are converted to a supercoiled state via abrupt force ruptures between 80 pN and 120 pN (e.g. Fig. S2b ). This behaviour occurs in ~25% of cases. Fig. S2d ) occurs in ~5-10% of cases.
Type 5: DNA molecules switch from torsionally constrained (σ = 0) to unconstrained during the overstretching transition (Fig. S2e ). This occurs due to permanent cleavage of a biotin-streptavidin tether. Since these molecules have no open ends or nicks (i.e. they are topologically closed), a smooth overstretching plateau at ~65 pN is observed. This behaviour occurs in ~5-10% of cases. Type 6: DNA molecules contain at least one nick in their phosphate backbone, as a result of thermal, mechanical or chemical degradation, resulting in a lack of torsional constraint. Such nicks can occur in solution, prior to single-molecule manipulation or during manipulation (e.g. Fig. S2f ). In our sample, ~25-30% of molecules were nicked.
14/19 SI Note 3: Rotational velocity of optically trapped beads due to applied torque
The rotational velocity (Ω) of the optically trapped beads in response to an applied torque (Γ) can be calculated using the following relation:
where f r is the frictional drag coefficient, which is defined as follows: f r = 8πηR 3 (2)
Here, R is the radius of the bead, and η is the dynamic viscosity of the solution. It has previously been reported that for supercoiled DNA in the range of -0.1 > σ > -1.5, the torque is roughly constant at approximately -10 pN nm. 7, 8 Consequently, the timescale for a single bead rotation is ~180 s when using 4.5 μm diameter beads, compared with < 5 s when using 1 μm diameter beads. It can therefore be calculated that, when using 4.5 μm diameter beads and λ-DNA (which consists of ~4620 turns), the fractional change in Lk over a period of 30 minutes is expected to range from ~0.3% (for an initial σ of -0.7) to ~1.5% (for an initial σ of -0.1). This is demonstrated graphically in Fig. 3a . We thus conclude that the total change in Lk due to rotation of the optically trapped beads is minimal on the timescale of most single-molecule experiments. This assertion is substantiated experimentally in Fig.   3b .
15/19 SI Note 4: Influence of RPA on DNA structure
It has been demonstrated previously that RPA can induce unwinding of the DNA double-helix. For instance, for negatively supercoiled DNA at very low tensions (< 1 pN), RPA can induce plectonemes to convert to bubble-melted conformations. 4 Similarly, for overstretched unconstrained DNA, RPA can increase the ratio of strand separation to base-paired S-DNA. 1 RPA has also been shown to catalyze the opening of DNA hairpins. 9 Nonetheless, previous work has also confirmed that, for low RPA concentrations, the perturbation to DNA structure is limited and, under these conditions, the protein effectively serves as a reporter for bubble-melted and single-stranded DNA. 1 In the current work, we found that the perturbation to the mechanical properties of negatively supercoiled DNA was small for RPA concentrations of 0.8 nM, but significant for RPA concentrations of 5 nM (Fig. S7 ).
We note that at low RPA concentrations (0.8 nM), the protein only minimally perturbs the structure of negatively supercoiled DNA. To highlight this, Fig. S7a demonstrates that the force-extension curves of negatively supercoiled DNA in the presence of 0.8 nM RPA are very similar to those recorded in the absence of RPA. However, at higher RPA concentrations (5 nM), two major changes in the forceextension behaviour are observed. First, the negatively supercoiled molecule exhibits a longer contour length, indicating a more extended state at low force. Second, the force plateau (normally present at ~55 pN) now occurs at ~110 pN -similar to that of non-supercoiled torsionally constrained DNA. 5, 6 The most likely explanation for these observations is that RPA 'locks' the supercoiled molecule in a highly underwound state at low tensions. In the absence of RPA, local regions of B-DNA (which coexist alongside underwound structures in supercoiled DNA at low force) convert to an extended underwound state at ~55 pN. This can be achieved through a redistribution of twist throughout the molecule; namely, the most highly underwound regions present at low force become slightly less underwound at high tension, thereby allowing the B-DNA domains to adopt an underwound structure also. Our data indicate that RPA prevents this redistribution of twist, and thus the B-DNA domains will overstretch in a similar fashion to that of non-supercoiled torsionally constrained DNA (illustrated schematically in Fig. S7b ). In this regard, our results support previous studies which have shown RPA can stabilize underwound DNA structures. 4, 9 16/19
SI Note 5: Structural analysis of underwound DNA
It is well-established that, upon tuning σ from -0.1 to -1.5, torsionally constrained DNA held at ~5 pN undergoes a cooperative transition from B-DNA to an underwound state. During this transition the torque remains constant at ~-10 pN nm. 7, 8 The structure of the resulting underwound state is attributed largely to a left-handed conformation known as L-DNA. L-DNA has been estimated to exhibit a helicity of ~-12 bp/turn, a persistence length of 3 nm and a contour length of 0.48 nm/bp. 7 Nonetheless, there is mounting evidence that negatively supercoiled DNA can adopt additional conformations during the unwinding transition. 7, 8, 10, 11, 12 Worm-like chain analysis. Force-extension curves of DNA were fit to the eWLC model (up to 30 pN) using Eqn. S1: 13
Here, d is the DNA extension at a given force F, and k B T is the thermal energy. Lc, Lp and S are the contour length, persistence length and stretch modulus of the molecule, respectively. By fitting forceextension curves of DNA to Eqn. S1 as a function of σ, we plot how supercoiling influences the global contour length, persistence length and stretch modulus of the molecule (Fig. 4c and Fig. S6a-c ).
We stress that these parameters are average values, and reflect contributions from each of the distinct structures that may co-exist within the molecule. Nonetheless, in this way we deduce that, for increasing negative supercoiling, the average value of Lc increases, while the average values of Lp and S decrease. These indicate that underwound DNA is more extended and more flexible than B- 
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Force-extension analysis. If M-DNA can (co-)exist in negatively supercoiled DNA at low tensions, we anticipate that it will be more likely at lower salt concentrations (which favour base-pair melting). 1, 2 This is consistent with the force-extension data presented in Fig. 4a,b and Fig. S5 . For instance, in Fig. 4a , we observe a slight decrease in the apparent persistence length of negatively supercoiled DNA at low NaCl concentrations (< 25 mM). Second, the overstretching transition appears significantly less cooperative in lower salt concentrations, compared with higher ionic strengths, suggesting that the DNA molecule exists in a heterogeneous state. Finally, a small but clear hysteresis is observed when comparing extension and retraction force-distance curves at very low salt concentrations ( Fig. 4b ) and also at high laser powers / temperatures (Fig. S5c,d) . A similar hysteresis has been observed following overstretching of non-supercoiled DNA and attributed to base-pair melting. 1, 2 For all of these reasons, we argue that some base-pair melting occurs in negatively supercoiled DNA at low forces (e.g. 5 pN), especially at low ionic strength and high temperature.
eGFP-RPA binding. Fluorescently-labelled RPA has been used previously to detect base-pair melted DNA generated via both tension and torque. 1, 5, 8, 4 The protein has a footprint of around 30 nucleotides and binds to single-stranded DNA in a tension-independent manner. 1 Our analysis shows that, at low RPA concentrations and low salt concentrations, there is approximately a 3-4-fold higher RPA binding to supercoiled DNA (σ between -0.6 and -0.7) at 55 pN (where the molecule is overstretched) than at 5 pN (Fig. 4e ). This confirms that the overstretched supercoiled molecule largely consists of extended bubble-melted DNA (at low ionic strength). However, the presence of some RPA binding at 5 pN substantiates our earlier conclusions (based on force-extension analysis) that some form of basepair melted DNA can also occur at low forces. then extracted from linear fits to these MSD plots (as shown in Fig. 5d ). The value of σ stated in Fig.   5c ,d thus represents the average superhelical density within each grouping of σ. The x-axis error bars in Fig. 5d reflect the standard error of the mean associated with the spread of σ within each grouping of σ. Note that the error in σ in Fig. 5d is in addition to the usual uncertainty in the determination of σ (discussed in Methods and SI Note 1).
18/19 SI Note 6: Binning of superhelical densities for MSD analysis
